Instability of a damaged pile due to a statically or dynamically applied overload is studied in this work using the finite element method. A damage parameter from such a pile is calculated using fracture mechanics concepts. The parameter is used to modify the beam element at the cracked or damaged location. Soil samples were obtained from the site of the pile and were subjected to laboratory tri-axial tests to obtain shear strength parameters c and  . Other soil parameters such as Young's modulus E and Poisson's ratio  were also obtained from the tri-axial tests. These were used to calculate shear strength  and sub-grade modulus k for the soil. The parameters , E,  and k were later used together with the damage parameter  in the finite element simulation of the strength of the damaged pile using Eigen value analyses. The layered soil modulus is approximated by taking the mean value and is denoted by f K . The discrete element matrices are assembled into a system Eigen-value equation, the solution of which provides the stability or instability loads for the damaged pile. The results obtained for a pile without damage, that is, when 0   , are in good agreement with those published in the literature. It has also been found that higher soil resistance is needed to support the damaged pile. It is concluded that the proposed model is a good candidate for use in the analysis and repair of damaged piles due to earthquake overload by soil stabilization methods.
Introduction
Recently, earthquakes and Tsunamis have caused severe damages to some infrastructures around the world such as the quake in Haiti and the Tsunami in Japan. Some of these infrastructures suffer damage but do not collapse, particularly if the infrastructure is a pile being supported by the surrounding layered soil. Some of these infrastructures on pile supports that suffer damage include nuclear power stations (such as those in Japan), bridge piers and offshore platforms (see Smith [1] ).
In recent years, Burgess [2, 3] has drawn attention to the possibility of instability occurring during installation of slender piles. He assumes the ground shear resistance always act tangentially to the pile, rather than in a fixed (vertical) direction. This means that the instability can be of the "wandering" or "flutter" variety rather than classical buckling and requires a dynamic analysis to isolate the loads at which loss of stability occurs. A description of the mechanics of non-conservative instability and some closed form solutions for simple columns are to be found in Leipholz [4] . The addition of constant lateral (Winkler) stiffness was studied by Smith and Herrmann [5] . Deriving discrete beam element matrices, Smith [6] has studied the onset of instability of undamaged piles in uniform ground assuming both conservative and nonconservative cases. The purpose of the present article is to study the behaviour of damaged piles under conservative loads and supported by layered soils.
Calculation of Local Stiffness Due to Damage
A strip or a rectangular plate representing the damaged portion of the pile has a width b and thickness h with a transverse crack c. It is well known that the compliance derivative of such a strip is related to the strain energy release rate G 1 as in Jiki [7] :
where Q is the driving force, F is the local flexibility due to crack, A is the area of the crack surface. The energy release rate G 1 is also related to the stress intensity of the cracked strip as:
in which μ is the shear modulus for the material of the strip; 3 4     for plane strain and  is Poisson's ratio. From Equations (1) and (2), we have:
For the present work, we work with the unit width of crack. Then the area of the crack A is given as in Jiki [7] :
Then:
Substituting Equation (5) into Equation (3), we have:
From Equation (6) the compliance derivative becomes:
The condition for implies no crack flexibility. We integrate Equation (7) to get the compliance F as in Jiki [7] :
For mode 1 due to bending moment M, we have ( Jiki [7] , Anifantis and Dimarogonas [8] 
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Using Equations (9)- (11) into Equation (8) and integrating, we have: 
The relationship between stiffness and flexibility is:
Then the non-dimensional stiffness parameter is:
Then the damaged stiffness coefficient for the pile is written as in Jiki [7] .
Discretization of the Differential
Pr s typically involved discretization of the ural modes the usual discretization involves th Equations evious work ha complete pile (or column) in terms of Fourier coefficients, for example. A more modern approach, through which existing finite element programs can be utilised, is to discretize locally over a small, typical element, e.g. Figure 1 .
For flex e transverse displacements  and rotations  of the end nodes:
In this equation the well-known shape ar functions 
Consider, for example, one of the examples analysed by Burgess [3] . This involves linearly varying soil stiffness [6] . While both Burgess [3] and Smith [6] model undamaged piles on uniform ground under conservative and non-conservative forces, our present model considers the behaviour of damaged piles on layered soil and subjected to conservative forces only. It has been found in the literature that damage to structural components in form of cracks can alter the static strengths of these components as reported in Jiki [7] , Capuani and Willis [9] and can also alter the vibration characteristics of these components such as mass and natural frequencies as reported in Anifantis and Dimarogonas [8] . Indeed our model modifies the conservative equation by Timoshenko and Gere [10] with our propose e meter as:
In Equation (19) the primes represent spatial, and the dots temporal differentiation. From the third and fourth te of the element is completed by applying the G   rms in Equation (19) it can be observed that the selfadjointness is a feature usually found in conservative systems.
Discretization in terms of the four undetermined nodal parameters alerkin's process in the usual way. The resulting information is tabulated, term by term, as Table 1 . For completeness the relevant matrices are listed in Appendix 1, although some are well known, KM and MM being the "stiffness" and "mass" matrices, for example see Smith [6] . While our model has considered the behaviour of a damaged pile on a layered soil, it also has increased difficulty in obtaining samples from different layers of the [11] .
Assuming harmonic motion, the conservative Equation 
Element assembly to make up the lows in the usual way. usual conservative boundary conditions apply to the present work as in Bolotin [12] . After assembly, the eigenvalue equation becomes
For buckling we have:
For vibration we have:
Results and Discussion
Using the above matrices and the calculated damage pasolved with twelve This has resulted in all Figures 3-5 , when the crack parameter is zero, our model approaches that by Smith [6] . As the crack parameter increases from 0.1 to 0.3, the stability of the pile reduces and higher soil modulus is needed to keep the pile in a vertical and stable position.
T tions.
Ter 
Conclusions
From the findings of the present study, we conclude as follows: 1) Pile damage due to an earthquake can be evaluated using a damage parameter which is calculated using fracture mechanics concepts.
2) The results of the present study show that when a pile is damaged, more soil resistance is needed to support the damaged pile. This finding is very helpful in a situation where the damaged pile cannot be replaced. In this case the soil or the ground is strengthened or mobilised to support the damaged pile.
3) Existing geotechnical methods of ground or soil improvements can be used to mobilise support for the damaged pile.
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